A high-flux 2D MOT source for cold hthium atoms 
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We demonstrate a novel 2D MOT beam source for cold ''Li atoms. The source is side-loaded from 
an oven operated at temperatures in the range 600 < T < 700 K. The performance is analyzed by 
loading the atoms into a 3D MOT located 220 mm downstream from the source. The maximum 
recapture rate of ~ 10^ s~^ is obtained for T ~ 700 K and results in a total of up to 10^" trapped 
atoms. The recaptured fraction is estimated to be 30 ± 10% and limited by beam divergence. The 
most-probable velocity in the beam (oz) is varied from 18 to 70 m/s by increasing the intensity 
of a push beam. The source is quite monochromatic with a full- width at half maximum velocity 
spread of 11 m/s at = 36 m/s, demonstrating that side-loading completely eliminates beam 
contamination by hot vapor from the oven. We identify depletion of the low-velocity tail of the oven 
flux as the limiting loss mechanism. Our approach is suitable for other atomic species. 

PACS numbers: 37.20.-(-j, 34.50Cs 
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I. INTRODUCTION 

Since the first demonstration of a laser-cooled atomic 
beam by Phillips and Metcalf [l| the development and im- 
provement of cold atom sources has evolved into an essen- 
tial activity in atomic physics laboratories. In particular 
sources for cold Rb, K and Cs received a lot of attention 
and became compact and familiar standard devices 0. 
However, for most other atomic and all molecular species 
the situation is less favorable and considerable time as 
well as resources remain necessary for the development 
of a source. Aside from optical cooling schemes many 
other cooling principles have been explored, we mention 
cryogenic cooling by surfaces [1] or buffer gas [1], filter- 
ing by magnetic 0, 0] or electric funnels [7| and Stark 
deceleration of molecules Q as well as Rydberg atoms 
0. In spite of the success of these sources in specific 
cases, optical cooling is the preferred option whenever an 
appropriate optical transition is available. 

The highest optically cooled atom fluxes to date 
have been produced from Zeeman-slowed atomic beams 
[Tol . [Til , m, [3 ■ Zeeman slowers have the additional ad- 
vantage of a wide applicability. Unfortunately, their use 
adds a substantial engineering effort to system design 
and construction, in particular if beam-brightcning and 
recycling principles are involved pU . [l5| . The magnetic 
field inside the Zeeman slower must be very smooth and 
satisfy a particular profile in order to optimize the slow- 
ing. In addition, as the acceptance angle is small, the 
source oven has to be positioned on the beam axis and 
operated under high fiux conditions. In typical applica- 
tions this gives rise to a high background of hot atoms 
and results in maintenance because the oven has to be 
reloaded regularly. 

An important simplification of cold atom sources was 
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realized when Monroe et. al. ^16] demonstrated that in a 
room-temperature vapor a fraction of the atoms can be 
optically captured and cooled into a magneto-optical trap 
(MOT) and subsequently loaded into a magnetic trap. 
The primary drawback of this vapor-ceU MOT (VCMOT) 
is that the lifetime of the magnetically trapped atoms is 
limited by collisions with hot atoms from the vapor, thus 
limiting the time available for experiment. One approach 
to overcome this limitation is pulsed loading, starting 
from an alkali getter dispenser [13| or by ultraviolet light 
induced desorption (Tsl. Il9j|. All other solutions involve 
a dual chamber arrangement in which a source cham- 
ber, containing some variation of the VCMOT source, 
is separated by a differential pumping channel from an 
ultra-high-vacuum (UHV) chamber in which the atoms 
are recaptured in a secondary MOT in preparation for 
experiments under UHV conditions . 

Three basic types of VCMOT sources are used in the 
dual MOT configurations. In the first type a pulsed VC- 
MOT serves to load the recapture MOT by a sequence 
of cold atom bunches, transferred with the aid of a push 
beam The second type is known as the LVIS (low- 
velocity intense source) [2l|. In this case the VCMOT 
and the push beam are operated continuously, giving 
rise to a steady beam of cold atoms in the direction of 
the push beam. In the third type the standard three- 
dimensional (3D) MOT arrangement in the source cham- 
ber is replaced by a two-dimensional (2D) MOT config- 
uration, with (2D+-M0T) or without (2D MOT) push 
and cooling beams along the symmetry axis [H, [2I, [l^] ■ 
This has the important advantage that the source MOT 
can be optimized for capture because, with confinement 
in only two directions, the residence time and coUisional 
losses are intrinsically low. 

VCMOT sources work most conveniently for elements 
like Cs, Rb, and K, having a vapor pressure of ~ 
10"^ mbar around room temperature [2a |. Elements 
such as Li, Yb, Cr and the alkaline earths must be 
loaded from atomic beams since their vapor pressures 
are only significant at temperatures far above the max- 
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imum bakin g te mperature of a conventional UHV sys- 
tem [13, [28l. l29l [30 |. In the case of elements which are 
chemically reactive with glass, such as Li, a vapor cell is 
additionally impractical. 

In this paper we present a novel 2D MOT source for 
cold lithium. It yields a cold flux comparable to the max- 
imum achieved with lithium Zeeman slowers [25|. Con- 
trary to previously realized 2D MOT systems our source 
is transversely loaded with a beam from an effusive oven, 
rather than longitudinally like in beam brighteners or 
isotropically like in vapor cells. This demonstrates the 
possibility to use 2D MOT sources in applications where 
a vapor cell cannot be used and avoids the background 
of hot atoms in the beam. An important a priory un- 
certainty of this arrangement is the risk of depletion of 
the low-velocity tail of capturable atoms by the onset of 
nozzling as occurred in the famous Zacharias fountain ex- 
periment |3l], Is^l . Our work shows that large cold atomic 
fluxes can be realized without this depletion becoming in- 
hibitive. Recently this was also demonstrated with a Li 
oven loaded 3D MOT [s^ . Another novelty of our source 
is the application of the 2D MOT concept to a light atom 
like lithium. Magneto-optical trapping of light species re- 
quires a high gradient for efficient capture. As this also 
compresses the cold atoms into a cloud of small volume, 
in particular in the 3D configuration trap losses are sub- 
stantial even for small atom numbers. We demonstrate 
that in our dual MOT arrangement, the 2D MOT can be 
optimized for capture with a large gradient and without 
considerable losses, whereas the 3D recapture MOT can 
be optimized with a different gradient for maximum total 
atom number. 

In the following sections we describe our experimental 
apparatus (section [n| and our results (section HV)) . In 
section IIIII we present a simple model for the loading of 
the 2D MOT. The performance of our system and loss 
mechanisms are discussed in section |V] and in section IVII 
we summarize our findings and comment on the suitabil- 
ity of our approach for other atomic species. 



II. EXPERIMENTAL 




FIG. 1: Schematic drawing of tlie 2D-M0T system. The oven 
tube is welded into the center of a six way cross as described in 
the text. Upper drawing: vertical cross section through the 
oven viewing along the beam axis; lower drawing: vertical 
cross section through the oven and through the DP-channel 
viewing the beam from the side. The Doppler probe is under 
50 degrees with the vertical (y) axis and is used to calibrate 
the oven temperature. The flux probe is used to measure the 
hot flux emitted by the oven; a gold-plated mirror is included 
for this purpose. The plug beam is used to interupt the atomic 
beam for time-of-flight measurements. The two-dimensional 
quadrupole fleld required for the 2D MOT is provided by two 
permanent-magnet bars. 



A. Vacuum system 



The experimental setup of the lithium 2D MOT source 
is sketched in Fig.[T] The vacuum system consists of a 
stainless steel six-way cross of 40 mm tubing of which 
two CF40 ports define the horizontal symmetry axis of 
the source. The other four CF40 ports are configured un- 
der 45° and sealed with standard vacuum windows pro- 
viding the optical access for the retroreflected 2D MOT 
beams with a waist (1/e^ radius) w = 9 mm. A lithium 
oven is mounted with a CF16 flange onto the bottom 
of a water-cooled tube with inner radius a = 8 mm and 
connected along the vertical axis into the center of the 
cross. The source is connected horizontally onto the main 
UHV chamber, separated by a gate valve. Between the 



main vacuum and the source a 23 mm long differential 
pumping (DP) channel of 2 mm diameter can maintain a 
maximum pressure ratio of 10"'^ between the main UHV 
chamber and the source. There is no direct line of sight 
from the oven to the main UHV chamber nor to the win- 
dows. When the oven is operated and the 2D MOT lasers 
are off, no lithium was detected in the main UHV cham- 
ber. Also no measurable gas load is observed on the main 
vacuum while the source is operated. 
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B. Lithium oven 

The oven consists of a stainless steel lithium reservoir, 
25 mm high and 50 mm in diameter, attached to a CF16 
flange by a 15 mm long tube of 16 mm inner diameter. 
The oven is embedded in a simple heat shield of glass 
wool and aluminium foil and is connected to the vacuum 
system using a nickel gasket. The reservoir was loaded 
with ~ 6 g of ^Li and ~ 2 g of ^Li under an inert gas 
(argon) atmosphere. As commercial lithium contains a 
large fraction of LiH it has to be degassed by dissociating 
the hydride. For this purpose we baked the oven under 
vacuum in a separate setup for two hours at a temper- 
ature of ~ 943 K. Some 25% of the lithium was lost in 
this process. To protect the employed turbopump from 
alkali contamination a liquid nitrogen cold trap was used 
in this procedure. 

Under typical conditions the oven is operated at T = 
623(12) K (350 C), well above the melting point of 
lithium at 454 K. All data presented in this paper, except 
those presented in Fig. [51 were obtained at this temper- 
ature. The oven temperature is calibrated by Doppler 
thermometry of the emerging Li flux using a probe beam 
under 50° with the vertical axis (see Fig.[T]). Tempera- 
ture stabilization is done with a thermocouple reference. 
Starting from room temperature the oven reaches the 
regulated value of 623 K in ~ 15 minutes. The ^Li abun- 
dance was measured to be ag = 0.74(5) using absorption 
spectroscopy on the ^Li Di — P1/2) line and the 

^Li D2 (2^1/2 ^2 line. 



C. The 2D MOT configuration 

As sketched in Fig.[T] the 2D MOT consists of a 2D 
quadrupole magnetic field in combination with two or- 
thogonal pairs of retroreflected laser beams of opposite 
circular polarization, at a power of up to 50 mW per 
beam in a waist of 9 mm and red-detuned with respect 
to the optical resonance near 671 nm. Like in a standard 
3D MOT a cold atom moving in the crossed laser 
field is optically pumped to a state for which the Zeeman 
shift places it closer to resonance with a laser opposing 
the motion of the atom. Thus the atoms are trapped 
and cooled in the radial direction and collect along the 
symmetry axis of the 2D quadrupole field but are free to 
move in the axial direction. As a result only atoms with 
a sufficiently low axial velocity can be radially trapped; 
atoms with a residence time of less then 0.5 ms in the 
optical trapping region leave the 2D MOT before they 
are significantly cooled. Only the radially cooled atoms 
give rise to a sufficiently collimated beam to pass through 
the DP-channcl and be recaptured by a 3D MOT in the 
middle of the UHV chamber. 

For best performance the atoms are accelerated out 
of the source by a push beam, aligned along the sym- 
metry axis and with a waist of 1.2 mm passing through 
the DP-channel. The detuning and intensity of the push 
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2: Level structure of ®Li. Note that the hyperfine split- 
ting of the ^^3/2 levels is smaller than the natural linewidth 



r/27r = 5.9 MHz of the D2 rSi 



/2 



3/2, 



transition. 



laser determine the velocity of the atoms emerging from 
the source. This velocity is chosen below the capture 
limit of the recapture MOT but is sufficiently fast to 
assure that the atoms do not fall below the recapture 
region as a result of gravity. For this reason the push 
beam is essential for horizontal configurations but op- 
tional in vertical arrangements. In all arrangements the 
push beam acceleration increases the output flux because 
it reduces the residence time in the 2D MOT and there- 
fore background-induced losses. In the literature on the 
2D+ MOT [H, [13, [13 and the LVIS [lH control over 
the axial velocity is reported by using a pair of counter- 
propagating axial cooling beams over the entire trap but 
this method is not employed here. 

The magnetic quadrupole field is provided by two sets 
of Nd2Fei4B magnets (Eclipse magnets N750-RB) with 
a measured magnetization of 8.8(1) x 10^ Am""'^. Each 
set consists of two stacks of three 25 x 10 x 3 mm mag- 
net bars separated by 12 mm to make an effective dipole 
bar of 62 mm total length. The optimum position of the 
centers of the dipole bars was experimentally found to be 
X = ±42 mm from the symmetry axis in the horizontal 
plane as sketched in Fig.[TJ For this distance we calcu- 
late a field gradient of 0.50 T/m, constant within 2% 
along the 2D MOT symmetry axis over a total length 
of 20 mm. The use of permanent magnets simplifies the 
application of the high field gradients needed for light 
species. It combines a simple construction with conve- 
nient alignment and occupies much less space than the 
more traditional racetrack coils. The quadrupole field 
falls off over short distances along the symmetry axis. At 
the position of the recapture MOT, 23 cm downstream 
from the center of the 2D MOT, only a small gradient of 
210 /iT/m remains. 
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D. Hyperfine structure of Li levels 

Laser cooling of ^Li differs from the familiar case of 
^"^Rb, in which a spectrally-well-resolved cycling transi- 
tion on the D2 line can be strongly driven to cool and 
trap the atoms while a weak repumping beam is suf- 
ficient to compensate for parasitic leakage to the dark 
state manifold. In the case of ^Li the hyperfine split- 
ting of the 2^P^/2 excited state is of the order of the 
natural lincwidth, r/27r = 5.9 MHz and all D2 transi- 
tions from the F = 3/2 manifold, \2'^Sii2;F = 3/2) 
12^^3/2; ^" = 1/2,3/2,5/2) are excited simultaneously 
(see Fig. HI) [22]. Hence, there is no closed transition suit- 
able for cooling and trapping and strong optical pumping 
to the 12^5*1/2; — 1/2) level cannot be avoided. As a 
consequence the 'trapping' and 'repumping' beams have 
to be of comparable intensities, which means that both 
beams contribute to the cooling and mutually serve for 
repumping. Also the detunings will have a strong in- 
fluence in this respect [s^l ■ In spite of these differences 
we stick to the conventional terminology, referring to the 
transition \''Sy2;F = 3/2) ^ \''Pz/2;F' = 1/2,3/2,5/2) 
as the 'trapping' transition and to \'^Si/2]F — 1/2) 
\'^P^/2\F' — 1/2,3/2) as the 'repumping' transition. 

E. Laser system 

A laser system for wavelength Al = 671 nm was de- 
veloped to serve the 2D (source) MOT and the 3D (re- 
capture) MOT as well as to provide laser beams for ^Li 
diagnostics. The laser system consists of a single master 
oscillator and four injection-locked slave lasers, all op- 
erating a 120 mW Mitshubishi ML101J27 diode heated 
to 70 C. The master oscillator is a home-built external- 
cavity diode laser (ECDL) 35], frequency stabilized us- 
ing saturated absorption spectroscopy in a ^Li heat pipe 
[36|. The power from the master laser is distributed 
over six beams, which can be independently shifted in 
frequency using ISOMET 1205-C acousto-optic modu- 
lators (AOM's). Of these six beams four are amplified 
by injection-locking of the slave lasers and of these four 
beams one pair is used for the retroreflected trapping and 
repumping beams of the 2D MOT while the other pair 
is equally distributed over six beams and similarly em- 
ployed for the 3D MOT. The remaining two frequency- 
shifted ECDL beams serve as pushing beam, as probing 
beam or as plug beam in various diagnostic applications. 



III. SOURCE MODEL 

A. Oven flux 

To establish the principle of our source and to enable 
comparison with experiment we present a semi-empirical 
kinetic model in which the oven is replaced by an emit- 



tance of area A = na? « 2 cm^ at the saturated vapor 
pressure of lithium. Around T = 623 K the saturated 
vapor pressure is given by ps — Pa exp(— Lo/^b^) where 
Pa = 1.15(5) X 10^" Pa and Lo/ks = 18474 K is the la- 
tent heat of vaporization [2^ . As Ps is only accurate to 
within 5% we neglect the small dependence on the iso- 
topic composition. The total atomic flux '^tot emitted 
by the oven may be estimated by the detailed balance 
expression for the total flux onto and from the emittance 
under thermal equilibrium conditions, 

<^tot^^n,vA, (1) 

1/2 

where Us is the atomic density and v — [^ksT /Trm] the 
mean thermal speed, with fc^ the Boltzmann constant 
and m the mass of the Li atoms. For T = 623(12) K we 
have Ps = 1.5lQ y x 10~^ Pa, corresponding to a density 
ris — I-Slj g X 10^^ m^^. With these numbers the total 
flux from the source is found to be ^tot ~ 1.3x10"'^^ s~^ « 
1.3 X 10^1" kgs"^ With 8 gram of Li this corresponds 
to ~ 17000 hours running time. 

The flux of "^Li atoms captured by a 2D MOT at a 
distance oi L — 100 mm above the oven can be written 
as an integral over the velocity distribution 

= aen^A f'^ dn^^. T v^e-^^^"^' dv, (2) 
Jo An M Jo 

where ag = 0.74(5) is the ^Li abundance, fie = A^./L'^ = 
2 X 10~^ the solid angle of capture (with Ac the capture 
surface) , rfil = 27r sin 9d9 with 9 the emission angle with 
respect to the oven axis, Vc the capture velocity, a — 
[2kBTo/m]^^^ — 1.31 X 10^ m/s the most-probable atomic 
speed in the oven and JV ^ J i;^e~(^/"^^c?w = TT^/^a^/A 
the normalization factor of the speed distribution. Note 
that by integrating Eq. ^ over a hemisphere we regain 
Eq. Il]) in the limit (ag — > 1; Uc ^ 00). Because the solid 
angle of capture is small we have cos 6* ~ 1 and the flux 
emitted by the oven within the solid angle of capture 
is given by 

^s^risvA—. (3) 
47r 

For T — 623(12) K we calculate a total flux density of 
•^s/Ac = 4+J;g X 10" s-icm-2 at L = 100 mm above the 
oven. Presuming the capture speed to be small, Vc a, 
the captured flux $c may be approximated by 

^c^-a,ns,A[-) ^ = -a(-) (4) 

This expression represents the theoretical maximum flux 
that can be extracted from the 2D MOT source. 



B. Capture and cooling 

To discuss the capture and cooling behavior in the 
2D MOT we distinguish two coaxial spatial regions. 
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crossing-over at r = defined by 6z{rd)+SL = 0, i.e. the 
surface wliere tlie Zeeman shift in the radial gradient of 
the quadrupole field, hSz (r) — {dB/dr) r, is compen- 
sated by the detuning of the laser, — uj^ — ujq < 0, 
i.e., to the red side of the cooling transition at angular 
frequency luq in zero field. 

In the outer region (r > r^), the 2D MOT functions 
much like a Zeeman slower, while in the inner region 
(r < rd) the motion of the atoms can be described by a 
damped harmonic oscillator model First we discuss 
the outer region. An atom with velocity v at distance 
r from the symmetry axis will be at resonance with the 
cooling laser if the difference of the Zeeman shift and the 
laser detuning equals the Doppler shift. 



-k - V. 



(5) 



Here k = |k| = 2tt/Xl is the wavevector of the cooling 
laser. In view of the angle of 135° between the directions 
of the hot lithium beam and the opposing laser cooling 
beams the positive Doppler shift is reduced by a fac- 
tor — cos(k, v) = ^/l/2 with respect to the fully counter- 
propagating configuration. Accordingly, the maximum 
available slowing distance is larger, r^ax = V^w, where 
w = 9 mm is the waist of the cooling beams. Substitut- 
ing Tniax in the expression for the Zeeman shift we rewrite 
Eq. ([5]) in the form of an expression for the highest atomic 
speed Wmax for which the resonance condition is satisfied 



2tt 



tJ-B dB 
h dr 



(6) 



Note that with the left-circular (e+) and right-circular 
(e~) polarizations of the 2D MOT beams as indicated 
in Fig. [1] the atoms are a"'" optically pumped into a fully 
stretched state with the magnetic field being orthogonal 
to the propagation direction of the hot flux. In the sim- 
plest ID model for capture process (in which only the 
trajectory along the symmetry axis of the oven is consid- 
ered) Tmax represents the capture radius (tc) and Wmax the 
capture velocity (vc) of the 2D MOT provided the reso- 
nant photon scattering force {mdv/dt = hkT /2) is large 
enough to keep the atom in resonance with the cooling 
laser, hdSz/dt = —^b {dB / dr) Viaax- The resulting con- 
dition 



< 



m^B {dB/dr) 



r 



(7) 



is satisfied in our experiment. Combining Eqs. ^ and 
([7]) we obtain an equation quadratic in {dB/dr), which 
reduces for 6z ^ Sl to 



dB 



dr 2flB {nirraa-x) 



{hk) 



3/2 



1/2 



r 



1/2 



(8) 



This expression shows that the optimal gradient for cap- 
ture scales like m~^/^, which is important for comparing 



the performance of the source for different atomic species. 
Substituting the optimal gradient into Eq. ([7]) we obtain 



{a 



max' max 



1/2 



(9) 



where Cmax — hkT /2m is the maximum attainable decel- 
eration by the scattering force. 

In spite of the insight it offers the ID model is far too 
simple to justify the use Vc — Wmax for reliable estimates 
of the captured flux. Therefore, we decided to estimate 
Vc experimentally by measuring the loading rate of the 
3D MOT as a function of the mean velocity in the cold 
beam and Eq. ^ is only used for scaling between the 
conditions of the 3D MOT and the 2D MOT. This pro- 
cedure is discussed in section |Vl 

In the inner region (r < r^) of the trap the atomic mo- 
tion is described by an overdamped harmonic oscillator 
model with a spring constant k and damping coefficient 
P 0. The atoms approach the axis with the cooling 
time constant r ~ (3/k. For our 2D MOT parameters 
T « 0.5 ms. Atoms entering the 2D MOT with veloc- 
ity V < Vc only contribute to the cold lithium beam if 
T is less than the residence time Tj-^s in the trapping 
beams (r < Ti-os)- In the absence of collisions with back- 
ground gas Tros is determined by the velocity component 
\vz\ ^ Vcd/L of the trapablc lithium atoms along the 
symmetry axis of the 2D MOT and the entry point in 
the optical field. If even the atoms with the shortest 
residence time can still be cooled, i.e. for 



< 



TZ 



L 

T 



(10) 



essentially all captured atoms contribute to the cold 
beam. For L = 100 mm we calculate with t — 1 ms 
that this condition is satisfied for Vc < 100 m/s, includ- 
ing the experimental value Vc ~ 85 m/s (see section |V|) . 



IV. EXPERIMENTAL RESULTS 

A. Oven flux 

To evaluate the merits of the 2D MOT it is essential 
to have a reliable estimate of the input flux from the 
lithium oven. For this purpose the oven flux was mea- 
sured at T = 623 K by observing - in the absence of 
the Nd2Fei4B magnets - the Doppler profile of the hot 
lithium beam using a horizontal probe beam with a waist 
of 1 mm running parallel to the 2D MOT axis and back- 
refiected by a gold-plated mirror (spring-mounted at the 
entrance of the DP-channel) as indicated in Fig.[TJ To 
avoid optical pumping to dark states the probe intensity 
was kept at the low value of ^ 0.018 Isat. With a thermal 
velocity of vth = 1500 m/s the interaction time is 1.3 /iS 
and the scattering rate is estimated to be 0.4 photons 
per atom. The effect of small fluctuations in the inten- 
sity of the probe laser was suppressed by measuring the 
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FIG. 3: The transverse Doppler profile of the hot hthium flux 
emerging from the oven as measured with the horizontal probe 
beam indicated in Fig.[T] The calculated profile (solid line) 
is the sum of six overlapping Doppler broadened transitions 
(dotted lines), two of which have a maximum outside the fre- 
quency range shown (see text). Only the amplitude has been 
fitted presuming the measured oven temperature T = 623 K 
and ^Li-abundance of 74%. 



intensity of the probe beam relative to that of a refer- 
ence beam originating from the same laser diode. Both 
the probe beam and the reference beam were measured 
with Texas Instruments OPTlOl photodiodes. The ob- 
served Doppler profile is shown in Fig. [31 The solid line 
represents a fit of the calculated Doppler profile for the 
oven temperature T = 623 K and presuming the mea- 
sured ^Li-abundance. The solid line is the sum of six 
overlapping Doppler broadened lines (dotted lines). The 
unusual lineshapes reflect the clipping profile of the oven 
tube. The two large peaks at and 228 MHz correspond 
to the trapping and repumping transitions in ^Li, respec- 
tively. Analogously the other four peaks at 199, 291, 1002 
and 1094 MHz are for the F = 2 F' = 1, 2 and 
F = 1 -> F' = 1, 2 transitions of the Di fine of ^Li [H]. 
The best fit is obtained for $s = 8(3) x 10^^s^\ where 



the error refiects our estimate of systematic uncertainties. 
This result overlaps with the value = ^^t't ^ ^^^^ 
calculated with Eq. ^ of the semi-empirical model start- 
ing from the oven temperature. 



B. Fluorescence detection - TOF distribution 

We probe the intensity of the cold ^Li beam in the 
middle of the main vacuum chamber by measuring the 
fluorescence after flashing a sheet of resonant laser light 
(knife-edge defined: d = 1 mm thick and h — 5 mm high) 
propagating horizontally through the middle of the UHV 
chamber orthogonal to the beam axis at position z = 
La — 220 mm downstream from the entry point of the 
DP-channel. The fiuorescence flash is imaged vertically 
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FIG. 4: a.) Typical fluorescence decay curve as a function of 
the probe delay time. The solid line is a fitted error function. 
Each datapoint represents the average over 200 cycles taken 
over a period of 6.7 s. b.) Derivative of the same data. The 
dashed line represents the true TOF-distribution (normalized 
to the same peak height) as calculated with the model pre- 
sented in the text. The inset shows a TOF distribution as 
measured with a pulsed push beam. 



as a stripe onto a CCD camera. The length of the stripe 
provides information about the divergence of the beam. 
To remove stray-light fluctuations the integrated signal 
from the pixel area containing the stripe image is divided 
by the background signal from a reference area. For the 
probe beam we use 0.5 ms flashes of 0.3 Wcm^^ in a 
ratio of 1 : 1.5 trap/repump light at zero detuning. The 
beam is retroreflected to prevent the atoms from being 
pushed out of resonance. 

Velocity characterization of the cold ®Li beam is done 
with a time-of-flight (TOF) method. For this purpose 
the beam is periodically interrupted at typically 30 Hz 
repetition rate with a resonant 0.6 Wcm~^ 'plug' laser 
(2 : 1 trap/repump light) deflecting the atoms near the 
entrance of the DP-channel. From the decay of the flu- 
orescence signal (/)fl as a function time (see Fig. [4]) we 
obtain the apparent TOF-distribution, which is propor- 
tional to d(f>fi/dT and can be transformed into the axial 
velocity distribution using the flight distance of 220 mm. 
In a typical measurement we average over 200 cycles to 
reach a proper signal/noise ratio also for small fluxes 
traversing the light sheet at high velocity. 

The procedure is illustrated in Fig. 3] for a push-beam 
intensity of Ip — 37 mW cm^^ and a detuning Sp = 
— 3.5r. Note that the derivative of 0fi can be nicely de- 
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scribed by the gaussian function 

d^fl/dr = (ttI/^At)-! exp[-(T - r^f / I^^t^ (11) 

where tq = 5.83 ms is the mean apparent arrival time 
and 1.67 Ar = 1.9 ms is the full width at half maximum 
(FWHM). The absence of arrival times shorter than 3 ms 
reflects the absence of atoms with velocities Vz > 70 m/s. 
This absence of 'hot' flux was verified up to 4 km/s and 
was anticipated because the cold beam is pushed hor- 
izontally out of the 2D MOT, i.e. orthogonally to the 
hot flux from the oven. The observed relative spread 
At/ To ~ 0.2 is insensitive to the push-beam intensity 
and comparable to the instrumental resolution for the 
shortest flight times investigated (tq = 3 ms). The value 
of To is entirely determined by the properties of the push 
beam and insensitive to other 2D MOT parameters. This 
behavior was previously also observed in other 2D MOT 
systems [l^, ll^l • Since optical pumping to different hy- 
perfine states takes only a few optical cycles in *^Li and 
La/To — 38 m/s corresponds to ~ 380 photon recoils, the 
atoms must have been accelerated to their final velocity 
still within reach of the repump light, i.e. inside 2D MOT 
(the push beam does not contain repumper light). This 
limits the acceleration to a well-defined duration of time, 
which is consistent with the observed relatively narrow 
velocity distribution. The absence of slow atoms is not 
caused by gravity because for the lowest velocities mea- 
sured (Lq/tq = 22 m/s) the gravitational drop is only 
0.5 mm, less than half the height {h/2 = 2.5 mm) of the 
light sheet. 

To relate the fluorescence signal (j)fi to the velocity dis- 
tribution in the atomic beam we have to account for the 
detection efficiency, which is inversely proportional to the 
velocity of the atoms and depends on the divergence of 
the beam. For this purpose we approximate the beam 
spot at the position of the hght sheet (z = La) by a gaus- 
sian profile with 1/e-radius R. The fraction Xfi of the 
beam giving rise to fluorescence is obtained by integrat- 
ing the normalized gaussian beam proflle in horizontal 
and vertical direction over the surface area of the light 
sheet, 



Xfl = erf (/i/2i?) erf(S'o/i?), 



(12) 



where 5*0 = 4.5 mm is the radius of the optical field 
of view. Here we neglected some clipping by the DP- 
channel. Note that the divergence angle C of the cold 
beam equals the ratio of transverse to axial velocity of 
the atoms, ( — R/La — vt/vz- The length of the fluo- 
rescence stripe was found to vary only slightly with the 
intensity of the push beam. This sets a lower bound on 
the beam divergence, Sq/R < 1 for Vz = 70 m/s and on 
the characteristic transverse velocity, vt > 1.4 m/s. Since 
/i/2i? < 5o/i? < 1 for all velocities studied Eq. ^ can 
be written in the form 



Xfi{vz/vt) JVz/vt erf (rjVz/vt) , 



(13) 



where 77 = So/La = 0.02 is the view angle and 7 
h/2La = 0.011 the vertical acceptance angle. 
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FIG. 5: Recapture rate into the 3D MOT (solid squares - left 
scale) and the most probable axial velocity (a^) of the cold 
atomic beam (open circles - right scale) both as a function of 
the push beam intensity. The drawn lines provide a guide to 
the eye. 



The fluorescence decay signal 
the form 



can be expressed in 



LJr 



Xii{Vz/Vt) 



00 ivz,o:z) dvz, 



(14) 



where (j)Q {vz,az) is the normalized axial velocity distri- 
bution with az representing the most-probable velocity in 
the beam, and La/T the velocity of the fastest atoms still 
arriving at the detector after delay time r. Hence, the 
transformation between the beam property (l)o{vz,ctz) 
and the observed fluorescence decay is given by 

(/)TOF (t) = (1)0 (La/T) cc - (r/xfi) d(j)ii/dT. (15) 

Here ^tof (t) represents the distribution of flight times 
in the beam. For Ar/r <C 1 the prefactor (r/xfl) causes 
the distribution dt/jfl/dr to shift to larger delay times but 
its shape remains well-described by a gaussian. In our 
case the shift is 5% (rmax — 1.05 tq) as indicated by the 
dotted line in Fig. 31 Hence, the most-probable velocity in 
the beam is given by az — 0.95 Lo/tq. For the example of 
Fig.[3]we calculate = 36 m/s with a FWHM of 11 m/s. 
We have observed a ten-fold increase in 0tof {t) at con- 
stant average flux by pulsing the push beam (see inset in 
Fig.IH). This indicates that the 2D MOT is not limited 
by its density when the push beam is continuously on. 
The most-probable velocity was found to be the same 
for pulsed and continuous operation. The experimental 
results for Uz as a function of the push beam intensity 
are shown as the open circles in Fig. [51 Varying the push- 
beam intensity Ip over the range 5 — 180 mWcm^^ we 
found az to increase from 18 — 70 m/s. 
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FIG. 6: The 3D MOT loading rate as a function of the 
2D MOT trap and repump detunings for an oven teperature 
T = 623(12) K. These measurements were performed with 
maximum power for the 2D MOT trap and repump beams as 
given in Table |T] We find the maximum flux of 1.3x 10**s"^at 
a trap detuning of St = —7.5 F and <5r = — 1 F. 



C. Beam flux - dependence on push beam 

The flux of the cold atomic beam is investigated as 
a function of the push-beam intensity (/p) by recapture 
into the 3D MOT. The results are shown as the solid 
squares in Fig.O First of all we note that in the ab- 
sence of the push beam the flux arriving at the recapture 
MOT is very small. Under these conditions the 2D MOT 
performance is very sensitive to the alignment of the 
quadrupolc field, the MOT beams and the repumper. 
This low flux is attributed to the horizontal orientation 
of the beam axis, orthogonal to the direction of the hot 
flux from the oven. In view of this symmetry the trapped 
atoms have an axial velocity distribution centered around 
zero. Only the atoms with axial velocity Vz ^ 5 m/s 
will reach the capture volume of the 3D MOT. Slower 
atoms drop below the trapping region as a result of grav- 
ity. High-field-seeking atoms will be deflected away from 
the recapture MOT by the quadrupole fleld outside the 
2D MOT for axial velocities Vz ^ 10 m/s. Atoms with 
axial velocity Vz ^ 0.1 Wc ~ 8.5 m/s are absent due to 
clipping by the oven tube {vc is the capture velocity of 
the 2D MOT). 

As an aside we point out that by inclining the axis of 
the oven tube toward the beam axis direction it should 
be possible to realize a high flux cold beam with an axial 
velocity proportional to the inclination angle and without 
any (near)resonant light co-propagating with the atomic 
beam into the UHV chamber. In a more practical solu- 
tion this may be realized by not retroreflecting the 2D- 
MOT beams but tilting them so that the average k- vector 
points along the cold beam axis. 
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FIG. 7: The 3D MOT loading rate as a function of the trap 
and repump laser powers (power per beam). Note that the 
2D MOT is operated in a retroreflected configuration. 



Measuring the loading rate $r in the 3D MOT we ob- 
tain the 'useful' flux of the cold ^Li beam. The rate is ob- 
tained from the leading slope of the loading curve, observ- 
ing the 3D MOT fluorescence as a function of time using 
a CCD camera. This fluorescence is calibrated against 
an absorption image taken immediately after switching- 
off the 3D MOT. The measured rate $r represents a 
lower limit for the flux emerging from the 2D MOT. Fig. [5] 
shows that $r increases steeply until it reaches a max- 
imum at Ip ~ 34 mWcm~^. Further increase of the 
push-beam intensity causes the loading rate to decrease. 
This is attributed to the finite capture velocity of the 
3D MOT (see section El. For the data shown in Fig.[5] 
we used for the 3D MOT a magnetic field gradient of 
0.19 T/m, 10 mW trapping light per beam at a detun- 
ing of — 6 r and 11 mW repumping light per beam at a 
detuning of —3.5 T. Both colors are distributed over six 
beams clipped at their beam waist of 9 mm, thus defining 
the acceptance radius Ra — 9 mm of the 3D MOT. 



TABLE I: Experimental parameters for optimal performance 
of the Li 2D MOT. 



parameter 


trap 


repump 


push 


detuning S 


-7.5 F 


-1 F 


-3.5 F 


power per beam 


50 mW 


48 mW 


0.8 mW 


waist (1/e^ radius) 


9 


9 


1.2 


gradient 


50 G/cm 






oven temperature 


623 K 






most-probable velocity 


36 m/s 






FWHM of velocity distribution 


11 m/s 
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D. Beam flux - dependence on 2D MOT 

We have optimized the total flux by varying both the 
trap and the repump detuning. For these measurements 
the laser power of the trap and repump lasers were set 
to their maximum values of 100 mW and 94 mW, re- 
spectively. The results are shown as a contour diagram 
in Fig.[6l The maximum flux is observed when the trap 
laser is far detuned {St — — T.SF) and the repump laser 
is close to resonance (Sr — —IF). We observe a small 
local maximum in flux if the trap laser is tuned close to 
resonance {5t — —IF). We attribute this to better beam 
collimation because the 2D MOT is expected to be trans- 
versely colder when operated close to resonance [34, 3l. 
Apparently the advantage of better collimation cannot 
compensate loss in 2D MOT capture efficiency. 

With optimized detunings we measured $r as a func- 
tion of the available optical power in the 2D MOT trap 
(Pt) and repump (P^) beams. For this purpose either 
the trapping power is kept constant at Pt w 50 mW per 
beam and Pr is varied or the repumping power is kept 
constant at Pr « 48 mW per beam and Pt is varied. As 
is shown in Fig. [7] the loading rate increases linearly with 
Pt for Pt > 8 mW, whereas $r increases linearly with Pr 
for Pr>2 mW until it levels off for Pr > 18 mW. The 
experimental parameters for optimal source performance 
are collected in TablelH The output flux was reproducible 
to within 30% depending on the 2D MOT alignment. 



E. Beam flux - dependence on oven temperature 

Fig. [5] shows the loading rate as a function of the oven 
temperature. At low temperatures the loading rate in- 
creases exponentially with the oven temperature. This 
reflects the exponential increase of the effusive flux from 
the oven. Above T « 650 K a loss mechanism sets in. 
This limits further increase of the flux until atT ^ 700 K 
the cold atomic flux reaches its maximum value, corre- 
sponding to a loading rate of $r = 8(3) x 10® s~^ into the 
3D MOT. The error reflects our best estimate of system- 
atic uncertainties. As will be will be discussed in section 
IVl the losses are attributed to knock-out collisions in the 
effusive beam emerging from the oven. The dotted line 
shows the fraction of atoms surviving the loss mechanism. 



V. DISCUSSION 

A. Recapture in the 3D MOT 

To analyze the performance of the 2D MOT source 
we define the overall efficiency parameter x as the ra- 
tio of the 3D MOT loading rate $r and the maximum 
capturable flux <I>c from the oven. 
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FIG. 8: The 3D MOT loading rate as a function of oven 
temperature (solid squares - left scale). The solid line shows 
a fit of the model presented in section [V] The loading rate 
reaches a maximum of 8 X 10* s"^ at T « 700 K as a result of 
beam attenuation by hot background vapor. The calculated 
attenuation factor is shown as the dashed line (right scale). 



This efficiency is determined by the capture efficiencies 
of the 2D and 3D MOT as well as the transfer efficiency 
Xt related to the divergence of the atomic beam. To de- 
termine xt as well as the capture velocity Vc we replotted 
the data of Fig. [5] in the form of Fig. [51 showing the cap- 
ture rate ^r in the 3D MOT as a function of the most- 
probable axial velocity az in the cold atomic beam. Like 
in subsection llV Bl we approximate the atomic beam pro- 
file at the position of the 3D MOT {z = La = 220 mm) 
by the gaussian profile with 1/e-radius R. The transfer 
efficiency is obtained by integrating the normalized pro- 
file from r = on the beam axis to the acceptance radius 
r = Ra = 9 mm of the 3D MOT, 

Xt{xa) ^2 (1 - x/xo) e-''\dx. (16) 
Jo 

Here x — r / R, Xa = Ra/R and xq — Rq/R. The factor 
{1 — x/xq) represents the conical approximation to the 
trapezoidal clipping profile imposed by the DP-channel, 
where i?o = 19 mm marks the edge of the dark shadow. 
Defining the 3D MOT acceptance angle a — Ra/La and 
velocity ratio Vz = Vz/vt = 1/C we write compactly Xa — 
avz- Similarly we define the clipping angle /? = Ro/La 
and write xq = (3vz- Substituting the expressions for Xa 
and Xq into Eq. p6p and evaluating the integral we obtain 
for the transfer efficiency 

Xt{i.) = l-(l-a//?)e-("'^^)'--^V^erf (ai),). (17) 

The velocity-averaged transfer efficiency (recaptured 
fraction) into the 3D MOT is given by 

Xt{oLz,Vc)=j Xt{vz/vt)(l)o{vz,az)dvz, (18) 
Jo 
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FIG. 9: Loading rate 3D-MOT as a function of the most- 
probable velocity Qz in the beam (black squares - left scale). 
The drawn line represents the best fit to the data of the re- 
capture model described in the text for Vc = 45.5 m/s (right 
scale). The result for zero beam divergence is shown as the 
dotted line, scaled down with a factor 0.36 for convenience of 
comparison. 



where (j)o {vz,az) is the normalized axial velocity distri- 
bution defined by Eq. p^ . The sohd fine in Fig. [HI is 
a plot of Xtictz,Vc) for fixed value of Vc- The position 
of the maximum is insensitive for the beam divergence 
and the best fit is obtained for a capture velocity of 
Vc = 45.5 m/s. In contrast the peak height Xmax depends 
strongly on the beam divergence. Using the lower limit 
for the characteristic transverse velocity {vt > 1.4 m/s) 
we calculate an upper limit for the recaptured fraction 
Xmax ^ 0.4. For comparison also the result for zero beam 
divergence is shown in the plot (dotted line). 

For the conditions used in experiment, dB/dr = 
0.19 T/m and 5l = -6r, we calculate with Eq.^ 
Vc = 32 + 5.6 \Sl/T\ « 66 m/s for = V^Ra = 12.7 mm. 
Apparently the simple ID model overestimates the cap- 
ture velocity by some 50%. Because both the 2D MOT 
and the 3D MOT are configured in the 135° configuration 
with respect to the input beam and also Tc = 12.7 mm in 
both cases we presume a similar overestimate for the cap- 
ture velocity of the 2D MOT. In the latter case we have 
dB/dr = 0.50 T/m and — — 7.5r and calculate with 
Eq. ^ Vc — 85 + 5.6 If^i/rj w 127 m/s. Presuming some- 
what arbitrarily that also this value overestimates the 
actual capture velocity by 50% we obtain Vc ~ 85 m/s as 
a reasonable estimate. 

Starting from $s = 8(3) x 10^^ s~^ we obtain with 
Eq. ([3]) for the theoretical maximum flux <I>c = 5(2) x 
10^ s~^ With the measured value = 1.8(6) x 10** s^^ 
the overall efficiency x — ^r/^c is estimated to be 
0-2 ^ X ^ This set a lower limit on the recap- 

tured fraction, 0.2 < Xmax ^ 0.4, and (using our model) 
also an upper limit for the characteristic transverse ve- 
locity, Vt < 2.5 m/s. As the upper and lower limits 
more or less coincide our best estimate is vt ~ 2 m/s, 
which corresponds to a transverse 2D MOT temperature 



of Ti = 1.4 mK. The corresponding beam divergence at 
optimal recapture for oven temperature T = 623(12) K 
is C ~ 0.05. For these conditions the brightness of the 
beam emerging from the 2D MOT is calculated to be 

sr^-^s" 



B. Loss mechanisms 

Because $c ^ the output from the oven is well 
characterized by a small cold flux of capturable atoms 
overtaken by the hot flux of the full emittance. Once 
the hot flux exceeds a critical value we expect the cold 
flux to be attenuated by 'knock-out' collisions. This de- 
pletion of the low velocity class of atoms is a well-known 
phenomenon in close-to-efFusive beam sources (3l| . Com- 
paring the total flux per unit area just above the emitting 
surface, ^tot/A « 6.5 x 10^^s~^cm~^, with the flux per 
unit area in the capture region ^s/A « 4 x 10"'^^ s~^cm~^, 
we expect these knock-out collisions to occur primarily 
in the first few centimeters of the expanding beam. Once 
the atoms enter the 2D MOT the cross section increases 
because optically excited atoms interact resonantly with 
the hot background fiux [iH . 

To model the attenuation we calculate the collision rate 
of an atom moving at velocity Vc along the symmetry axis 
at position I above the oven exit orifice with atoms from 
the hot background flux moving at typically the average 
velocity v ^ Vc, 



$/$ 



Ml) 



. sin 9d9. 



(19) 



Here 9 is the emission angle of the fast moving atoms 
with respect to the symmetry axis, tan^o — o/^i ere 
is the knock-out cross section and Vr — (w^ + — 
2vcV 00^9)^^"^ c± V \s the relative velocity of the collid- 
ing atoms jsH . Using the substitution dl = Vcdt we can 
solve the differential equation under the boundary con- 
dition ^{l) = $c at Z = and obtain 



$(L) ~ $cexp[- 



(v/vc) / {l-cos9o)dl], (20) 



where cos^o = + cl^Y^^. In this model the density 
in the oven is taken to be uniform. Because for I ^ a the 
collision probability vanishes we may freely extend the 
integral to inflnity, /g°°(l — cos9o)dl = a. Hence, at the 
entrance of the 2D MOT the attenuated flux is given by 



■I>j„ = lim $(i) 

L — >oc 



<I>cexp(-(76n-sWT6), (21) 



where rg = a/2vc ~ 47 fis is the characteristic duration 
of the attenuation process. 

To estimate ce we take the approach of ref. [11] and 
consider a slow atom moving at the capture velocity Vc 
along the symmetry-axis from the oven towards the cap- 
ture region. Fast atoms flying-by with the thermal ve- 
locity V will give rise to momentum transfer as a result 
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of Van der Waals interaction. As this happens most fre- 
quently close to the oven even a small momentum trans- 
fer Ap < 0.1 mvc suffices to kick the atoms out of the 
capture cone Qc- Because v ^ Vc the trajectory of the 
fast atom is hardly affected and the momentum trans- 
fer to the cold atom can be calculated by integrating 
the transverse component of the Van der Waals force 
over time, Ap = ^J^^F±{t)dt. Here F{r) = GCe/r'^ 
with r the radial distance between the colliding atoms 
and Cq = 1389 CqE'^ the Van der Waals coefficient 
[111 with ao « 0.529 x 10"i°m the Bohr radius and 
Eh ~ 4.36 X 10~^^ J the Hartree energy. Changing 
from the time variable t to the angular variable 6 using 
tan0 — vt/b, where b is the distance of closest approach, 
we obtain using F± = Fcos6 and cos 6* = b/r, 



Ap = 



6Cc r^^ 



cos 



Tr/2 



C'e IStt 



(22) 



The critical distance of closest approach for which the 
atoms are just scattered outside the capture cone flc is 
given by 



66 ^ 1.8 (C6/m«,v)^/^ . 



(23) 



Note that this quantity depends only very weakly on the 
precise values of Vc and v. For Vc ~ 85 m/s and tem- 
peratures in the range 600 ^ T < 700 K we calculate for 
the knock-out cross section ae = 7r6| « 4.4 x 10""'^^ cm^. 
Note that, in contrast to 'knock-out' collisions, 'knock- 
in' collisions are rare. The steep dependence of Ap on 
b implies that most of the atoms scattered outside the 
acceptance cone scatter over much larger angles than the 
minimum angle required for knock-out. Thus scattered 
atoms typically hit the wall of the oven tube and stick, 
rather than giving rise to knock-in. 

Along the same lines we estimate the momentum trans- 
fer by resonant collisions inside the 2D MOT. As the rel- 
ative velocities are large and the typical collision time 
is much shorter than the lifetime of the atoms in the 
excited state we may use again the classical scattering 
model discussed above. In the present case the criti- 
cal distance of closest approach corresponds to momen- 
tum transfer just exceeding the escape value from the 
2D MOT, mv > mVc [i38i- Neglecting the direction of 
the transition dipole the resonant-dipole force can be ap- 
proximated by F(r) 
is defined as 140, SjJ 



SCs/r*, where the C3 coefficient 



C3 



/47r£o = 3.7 X 10"-*** Jni 



(24) 



Here e w 1.60 x 10~ C is the elementary charge, 
£q ~ 8.85 X 10^^^ Fm^^ the electric constant and D^g = 
2.4 a.u.the transition dipole moment for the 2s — > 2p 
transition in Li 0. The corresponding critical distance 
of closest approach is in this case 



1.6 {Cz/mVcvY^'^ . 



For Vc ~ 85 m/s and temperatures in the range 600 < 
T < 700 K we calculate for the resonant cross section 
CT3 — Tib\ K, 1.6 X 10"^^ cm^. Accounting for the knock- 
out probability of trapped atoms the loading rate into 
the 3D MOT can be written as 



*r = Xt'I'mexp[-Cr3Ti.cs$sMc 



(26) 



Combining Eqs. ^ and ^ with the Cg and C3 loss ex- 
ponents of Eqs. pT|) and (p6| and introducing the char- 
acteristic attenuation time T3 = At-^cs / '^'^ LP' we obtain 
the following expression for the 3D MOT loading rate 



V A (—\ ^ exp[-n5W {uqTq + 0-3X3) 
V a / 87r 



Xtaens 



(25) 



(27) 

Using Tres = 1 ms we have r3 « 1.6 ^s. Note that only a, 
V and Us are sensitive for the oven temperature. A best fit 
of Eq. ((27)) to the data using xt and Ug (at T = 623 K) as 
free parameters is shown as the solid line in Fig.[8l The fit 
shown is obtained for xt = 0.33 and Ug — 1.5 x 10^^ m~'^ 
at T = 623 K, which are both within the error limits 
given for these quantities. Thus also the position of the 
maximum confirms our model. As the result obtained for 
Xt strongly anti-correlates with the value presumed for Vc 
we cannot improve upon the estimate Xmax = 30 ± 10% 
already given in subsection IV Al 

Interestingly, comparing the two loss mechanisms we 
find asTs/agTe « 0.1, which shows that the resonance 
mechanism, dominating the background losses in the VC- 
MOT [H,!!!], is of minor importance in the present case. 
Since the output flux scales like (vc/a)^ an obvious way 
to increase the output of MOT sources is to increase the 
capture velocity. Doubling the waist of the 2D MOT 
beams in the xy plane (see Fig. 1) in order to increase 
the capture radius we find with Eq. ^ that the capture 
velocity increases by \/2 and the output by a factor 4. In 
addition, since rg scales like 1/uc the beam attenuation 
decreases slightly. 



C. Comparison with Zeeman slowers 

In several respects the 2D MOT source demonstrated 
in this paper represents an interesting alternative for the 
Zeeman slower. First of all the source yields a large con- 
trollable output flux of up to 3 X 10^ s~^, comparable 
to fluxes typically achieved in lithium Zeeman slowers. 
The transverse temperature of the source is low (1.4 mK) 
which makes it possible to recapture as much as 30% in 
a 3D MOT 220 mm downstream from the source. In 
contrast to Zeeman slowers, the 2D MOT source yields a 
clean and monochromatic cold atomic beam of which the 
most probable velocity can be varied over a wide range 
of velocities with the aid of a push beam. Permanent 
magnets for the creation of the quadrupole fleld add to 
the simplicity of the design. The resulting source is more 
compact than a typical Zeeman slower and is still capable 
of loading 10^° atoms in a 3D MOT. 
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Importantly, the 2D MOT principle works equally well 
with light atoms as with more heavy atoms like K, Rb 
and Cs. This shows that, like the Zeeman slower, also the 
2D MOT beam source has a wide applicability. In cases 
with a sizable vapor pressure at room temperature the 
source will act as a VCMOT. As an example of a system 
for which a 2D MOT has not yet been realized we briefly 
discuss the case of Na. In this case the gradient of the 
quadrupole field should be scaled down proportional to 
m^/^ in accordance with Eq. ([5]) to obtain the optimum 
value dB/dr ^ 0.25 T/m. In view of Eq. ^ the capture 
velocity scales down with the same factor. Using Eq. ([77]) 
we calculate for Na a maximum total output flux of 4 x 
10^ s^^ for an oven temperature T « 471 K. This output 
is lower than realized with Zeeman slowers but the oven 
is operated at much lower temperature [H, d, ■ 

Unlike the output of the Zeeman slower the output 
of the 2D MOT source is limited by a fundamental loss 
mechanism. As described in subsection lV BI this is caused 
by Van der Waals forces between atoms leaving the oven 
and (to a lesser extent) by resonant-dipole forces be- 
tween optically excited atoms in the 2D MOT and the hot 
background flux from the oven. These losses are quanti- 
fied by the exponent in Eq. ((27)) . which is shown as the 
dashed line in Fig. 8. Note that near maximum output at 
T « 700 K the attenuation factor is already as small as 
~ 0.3. Therefore, the source is best operated at tempera- 
tures below 650 K, where the flux may be slightly smaller 
but the depletion time of the oven is comfortably long. 
Alternatively, one could incorporate a recycling principle 

pin. 

VI. SUMMARY AND CONCLUSION 

We developed a novel beam source for cold ^Li atoms. 
The source is based on the 2D MOT principle and yields a 
controllable output flux of up to 3 x 10^ s""'^, comparable 
to fluxes typically achieved in lithium Zeeman slowers. 
Some 30% of the atoms are recaptured into a 3D MOT 
220 mm downstream from the source. The source is side- 



loaded from an oven and a push beam assures that only 
capturable atoms enter the main vacuum chamber. This 
yields a clean and quite monochromatic cold atomic beam 
of which the most-probable axial velocity can be var- 
ied over the range 18 < < 70 m/s by varying the 
intensity of the push beam. The 2D MOT can be fully 
optimized for capture because the push beam assures 
that the density of trapped atoms is intrinsically low. 
The push beam also drastically simplifies the alignment 
of the 2D MOT. Permanent magnets simplify the imple- 
mentation of the quadrupole field. The resulting source 
is compact and enables us to load up to 10^*^ atoms into a 
3D MOT, which is sufficient as a starting point for most 
experiments with quantum gases. The output flux in- 
creases exponentially with the oven temperature until at 
T Ri 700 K a loss mechanism limits the flux. We iden- 
tify knock-out collisions near the oven exit as a result of 
Van der Waals forces between the atoms as the limiting 
mechanism. At maximum output the beam attenuation 
factor is ~ 0.35. Therefore, the source is more efficiently 
operated at a lower oven temperature. For T = 623 K we 
measured a loading rate of = 1.8(6) x 10® s^^ in the 
3D MOT. At this temperature the uninterrupted run- 
ning time on 8 g of lithium is ~ 17000 hrs. With our 
work we demonstrate that the 2D MOT principle works 
equally well with light atoms as with more heavy atoms 
and is likely to be suitable for any atomic system with 
an optical cooling transition. 
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